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Pot1A3G CTD alone is in black, the ssDNA is in gray, and the mixture of the two is in red.
1 0 1 C) Deamination activity using a UDG-dependent cleavage assay. The Pot1-A3G CTD fusion 1 0 2 protein has the same deamination activity as that of A3G CTD . The adenine nucleotide bound to the -1 pocket is shown in orange. Two copies of the complex 1 0 5 observed in the asymmetric unit are shown in blue (A3G), pink (Pot1), and grey/orange (DNA). The red star (schematic) and red sphere (structure) represent the zinc ion found in the catalytic Using the Pot1A3G CTD fusion construct, we obtained a crystal structure of A3G CTD bound 1 1 0 to an adenine nucleotide at 2.9 Å resolution ( Fig 1D and Table 1 ). The structure was determined 1 1 1 6 in a P4 3 space group with four independent copies of the protein in the asymmetric unit of the 1 1 2 crystal. Both A3G CTD and Pot1, together with the Pot1 cognate DNA, were clearly visible in the 1 1 3 electron density. In the crystal, the ssDNA stretches from a Pot1 protein of one fusion complex 1 1 4 to the A3G of the adjacent fusion complex. The rest of the ssDNA was disordered with clear 1 1 5 electron density for only one nucleotide, adenine, located next to the catalytic site of A3G CTD . This fusion design allowed us to capture the structure of A3G CTD bound to an adenine nucleotide 1 1 7 in the -1 DNA binding pocket (Fig 1D inset) . In our structure, the adenosine is stabilized by a network of hydrogen bonds and stacking 1 3 5 interactions in the -1 pocket (Fig 2A and B) . The backbone of residues P210 and I314 hydrogen 1 3 6 bond with the amine group of the adenine, while Y315 hydrogen bonds with the phosphate group 1 3 7 of the DNA backbone. The adenine base is further stabilized in the pocket through stacking 1 3 8 interactions with W211, W285, and Y315 ( Fig 2B) . The overall architecture of the A3G CTD DNA 1 3 9 binding pocket is conserved when compared to other structures of A3s bound to DNA. Our 1 4 0 structure aligns well with the structures of A3A bound to thymidine at the -1 position (PDBIDs 1 4 1 5SWW, 5KEG) (31, 32) with an overall root mean square deviation (RMSD) of 0.8 Å and 0.7 Å, 1 4 2 respectively. Comparison between the A3A and A3G CTD DNA bound structures reveals that 1 4 3 8 highly conserved residues within the A3 family (A3G residues Y315 and W285) adopt similar 1 4 4 orientations in the -1 pocket to bind to a nucleotide ( Fig 2C) . This highlights that some 1 4 5 interactions between the -1 pocket and DNA are conserved between the proteins in the A3 1 4 6 family, even though different nucleotides are preferred at this position. substrate selectivity was altered for the +1 position. WT A3G preferred adenosine at the +1 3 0 6 position (5'CCA:5'CCT ratio = 0.28/0.17; P < 0.0001), whereas the P210R mutant had a 3 0 7 substantial decrease in its preference for an adenosine (5'CCA:5'CCT ratio = 0.11/0.10; P > 3 0 8 0.05) ( Fig 5B, S1 Table) . This change in 5'CCA:5'CCT preference is consistent with, but not as 3 0 9 drastic as observed in our biochemical studies using the A3G CTD (Fig 4D) , likely because the 3 1 0 A3G NTD also interacts with the DNA (42) and thus, contributes to substrate specificity. Nonetheless, the substantial change in 5'CCA:5'CCT ratio in the cell-based assay using full-3 1 2 length A3G variants corroborates the notion that the nucleotide binding pockets are tightly Mutating P210 also affects the nucleotide preference at the -2 position in the context of 3 1 5 the less preferred thymidine at the -1 position (5'TC), but not in the context of the preferred 3 1 6 cytidine at the -1 position (5'CC). Both WT A3G and P210R A3G preferred cytidine compared 3 1 7
to thymidine at the -2 position when the -1 position was a cytidine (WT 5'CCC:5'TCC ratio = 3 1 8 0.37/0.18; P < 0.0001 and P210R 5'CCC:5'TCC ratio = 0.21/0.12; P < 0.0001) ( Fig 5C, S1 3 1 9 Table) . When the -1 nucleotide was the less preferred thymidine, WT A3G maintained a 3 2 0 preference for cytidine at the -2 position (5'CTC:5'TTC ratio = 0.07/0.01; P < 0.0001) ( Fig 5C, 3 2 1 S1 Table) . In contrast, P210R had a substantially increased preference for thymidine and 3 2 2 guanidine compared to cytidine at the -2 position (5'TTC:5'CTC ratio = 0.05/0.01; P < 0.0001 3 2 3 and 5'GTC:5'CTC ratio = 0.05/0.01; P < 0.0001) ( Fig 5C, S1 Table) . In summary, changes to 3 2 4 the -1 nucleotide pocket, specifically the P210 residue, affect the nucleotide preference at the +1 3 2 5 position when the -1 nucleotide is the preferred cytidine (5'CC) and at the -2 position when the - 1 nucleotide is the non-preferred thymidine (5'TC). Therefore, these results lend support to our 3 2 7 biochemical and structural studies with Pot1A3G CTD , demonstrating that changes to the -1 3 2 8 1 5 nucleotide pocket, specifically the P210 residue, affect the entirety of the hotspot preference of 3 2 9 A3G.
A3G is one of the most potent restriction factors of HIV-1, yet its mechanism of substrate 3 3 2 selection is still poorly understood. A3G prefers to deaminate cytidines in the hotspot sequence 3 3 3 5'-CCCA (where the deaminated cytidine is underlined) (2, 26) . Despite this hotspot preference, For example, A3G is capable of cytidine deamination with any nucleotide at the +1 position, 3 3 6 albeit at different frequencies as shown in Figs 4 and 5B/C. In addition, it has been shown that 3 3 7 the cytidine at the -1 position (the 5' side of the deaminated cytidine) can also be deaminated 3 3 8 (43). In this study, we used the novel fusion of Pot1 to the A3G CTD to capture the low affinity 3 3 9 A3G CTD -ssDNA interaction, identifying a non-preferred adenosine in the -1 nucleotide-binding 3 4 0 pocket of A3G CTD . This is the first structure of an A3 bound to a non-preferred hotspot substrate.
4 1
Since A3G is a highly processive enzyme (35), it frequently encounters purines in the -1 3 4 2 nucleotide binding pocket while scanning the DNA for its hotspot. It was unknown how A3G 3 4 3 allows binding but discriminates against deaminating such substrates.
4 4
Our comparative structural analysis, biochemistry, and virology studies provide insight 3 4 5 into how encountering a purine in the A3G -1 pocket would not result in deamination of a 3 4 6 cytidine at the 0 position. We show that unlike the A3A-DNA interactions with the preferred 2D) and there is no selectivity toward the nucleotide. A3G instead uses the backbone of P210 in 3 4 9 loop 1 to interact with the -1 nucleotide along the Hoogsteen edge of the non-preferred adenine,
which causes a structural change in the A3G -1 nucleotide-binding pocket ( Fig 3A) . This 3 5 1 structural change further perturbs the conformation of other nucleotide-binding sites; as recent 3 5 2 structures (31, 32) and our biochemical and cell-based data show, these sites are clustered and 3 5 3 inter-connected. In fact, mutating residues 210 PW 211 causes deformations in the -1 nucleotide Thus, these perturbations from binding non-preferred nucleotides in the -1 nucleotide pocket 3 5 6 may shift the residues in the catalytic pocket making the local environment non-ideal for the 3 5 7 deamination reaction. Our analysis provides an understanding toward the A3G scanning state that allows it to 3 5 9 find its preferred deamination site in DNA. During the process of DNA scanning, when A3G 3 6 0 encounters a non-preferred sequence, the rearrangements in the binding pockets necessary to 3 6 1 accommodate the nucleotide result in a conformation that is not suitable for deamination at the 3 6 2 catalytic site ( Fig 6B) . Only when the enzyme encounters the hotspot sequence, the collaborative catalytically productive conformation for deamination ( Fig 6A) . represented by orange circles), the A3G is active and the cytidine in the 0 position is deaminated,
resulting in a uridine at the 0 position (orange star). followed by the insertion of Pot1-A3G195-384-2K3A fusion gene into the EcoRI -XhoI site 3 7 8 (22, 34, 46) . The wild-type A3G CTD was constructed from A3G191-384-2K3A gene inserted into 3 7 9
NcoI -XhoI site of the expression vector pMAT9s, containing an N-terminal His 6 -tag followed including P210R and W211A were generated using this construct as a template. The vectors 3 8 2 encoding A3G CTD mutants were made by QuickChange mutagenesis. All constructs were The lysate was centrifuged [13,000 rpm, 40 min, 4°C] and proteins were purified by nickel NaH 2 PO 4 (pH 8.0) (for all A3G CTD and mutants), 100 mM NaCl and 0.1 mM TCEP]. The protein 3 9 5 purity was examined by SDS-PAGE. Pot1-A3G CTD was mixed with a DNA oligonucleotide [30nt substrate: AGA AGA CCC AAA GAA GAG GAA GCA GGT TAC] at 1:1 molar ratio, and further purified using a Superdex-75 size-exclusion column. The protein/DNA complex was 3 9 8 then concentrated to 3 mg/mL for crystallization. Diffraction data were collected at the National Synchrotron
. Data were processed using HKL2000 (47). Analysis of the data showed 4 0 6
that the crystal has close to perfect twinning. The data statistics are summarized in Table 1 . Structure determination and refinement There were four Pot1-A3G CTD molecules in the 4 1 0 asymmetric unit of the crystal. The structure was solved by molecular replacement using 4 1 1 PHASER (48) with the A3G CTD structure (PDBID 3IR2 (23)) and the Pot1 structure (PDBID hydrolyzed by a 30-minute incubation with 0.25 M NaOH, which was followed by the addition gel (Life Technologies, Carlsbad, California). Gel bands were imaged with a CCD imager. All viruses were prepared using a previously described HIV-1 vector pHDV-eGFP pseudotyped 4 6 6
Radiolabeling of primers for in vitro kinetics
by co-transfecting with phCMV-G plasmid, which expresses vesicular stomatitis virus plasmids in the presence or absence of pcDNA-hVif using polyethylenimine (PEI) as previously filter and kept at -80°C until use. Galaxy luminometer (PerkinElmer).
7 7
For the hypermutation pattern analysis, CEM-SS cells (300,000 cells/well in 24-well plate) were Statistical analysis. All comparisons were made based on the WT-A3G for each mutant using 4 9 0
Fisher's Exact test. Probability values (P) < 0.05 were considered significant. We thank Xiaofang Yu and David Schatz for insightful discussions. We also thank the staff at 4 9 3
the Advanced Photon Source beamlines 24ID-C and E, and National Synchrotron Light Source S  o  m  m  e  r  P  ,  H  e  n  r  y  M  ,  F  e  r  r  i  s  S  ,  G  u  e  t  a  r  d  D  ,  P  o  c  h  e  t  S  ,  e  t  a  l  .  A  P  O  B  E  C  3  G  i  s  a  s  i  n  g  l  e  -5  1  6  s  t  r  a  n  d  e  d  D  N  A  c  y  t  i  d  i  n  e  d  e  a  m  i  n  a  s  e  a  n  d  f  u  n  c  t  i  o  n  s  i  n  d  e  p  e  n  d  e  n  t  l  y  o  f  H  I  V  r  e  v  e  r  s  e  t  r  a  n  s  c  r  i  p  t  a  s  e  .  N  u  c  l  e  i  c  5  1  7  A  c  i  d  s  R  e  s  .  2  0  0  4  ;  3  2  (  8  )  :  2  4  2  1  -9  .  5  1  8  1  2  .  Y  u  Q  ,  K  o  n  i  g  R  ,  P  i  l  l  a  i  S  ,  C  h  i  l  e  s  K  ,  K  e  a  r  n  e  y  M  ,  P  a  l  m  e  r  S  ,  e  t  a  l  .  S  i  n  g  l  e  -s  t  r  a  n  d  s  p  e  c  i  f  i  c  i  t  y  o  f  A  P  O  B  E  C  3  G  5  1  9 a 3  1  .  S  h  i  K  ,  C  a  r  p  e  n  t  e  r  M  A  ,  B  a  n  e  r  j  e  e  S  ,  S  h  a  b  a  n  N  M  ,  K  u  r  a  h  a  s  h  i  K  ,  S  a  l  a  m  a  n  g  o  D  J  ,  e  t  a  l  .  S  t  r  u  c  t  u  r  a  l  b  a  s  i  s  5  6  3  f  o  r  t  a  r  g  e  t  e  d  D  N  A  c  y  t  o  s  i  n  e  d  e  a  m  i  n  a  t  i  o  n  a  n  d  m  u  t  a  g  e  n  e  s  i  s  b  y  A  P  O  B  E  C  3  A  a  n  d  A  P  O  B  E  C  3  B  .  N  a  t  S  t  r  u  c  t  M  o  l  5  6  4  B  i  o  l  .  2  0  1  7  ;  2  4  (  2  )  :  1  3  1  -9  .  5  6  5  3  2  .  K  o  u  n  o  T  ,  S  i  l  v  a  s  T  V  ,  H  i  l  b  e  r  t  B  J  ,  S  h  a  n  d  i  l  y  a  S  M  D  ,  B  o  h  n  M  F  ,  K  e  l  c  h  B  A  ,  e  t  a  l  .  C  r  y  s  t  a  l  s  t  r  u  c  t  u  r  e  o  f  5  6  6 A 
